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We show the dielectrophoretic actuation of single-crystal diamond nanomechanical
devices. Gradient radio-frequency electromagnetic forces are used to achieve actu-
ation of both cantilever and doubly clamped beam structures, with operation fre-
quencies ranging from a few MHz to ∼50MHz. Frequency tuning and parametric
actuation are also studied.
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Owing to its large Young’s modulus, excellent thermal properties, and low thermoelastic
dissipation, single-crystal diamond (SCD) is a promising candidate for realization of high fre-
quency (f ) and high quality factor (Q) mechanical resonators. Indeed, significant advances
in diamond fabrication have made it possible to achieve mechanical Q-factors exceeding 1
million at room temperature for micron scale SCD mechanical resonators.1 Such devices are
of interest for realization of stable, high f · Q product, radio frequency (RF) oscillators for
inertial sensing applications.2 SCD is also a promising platform for applications in quantum
information science and technology due to the color centers which can be embedded inside.3
In particular, the negatively charged nitrogen vacancy (NV) color centers can be used as
qubits with optical readout due to their long coherence times (milliseconds) even at room
temperature.4 For example, coupling between an NV center and a mechanical resonator
may enable high fidelity control of NV center spin state via rapid adiabatic passage,5,6 and
potentially the remote coupling of distant NV centers via mechanics.3 Finally, mechanical
resonators may enable coherent coupling between systems with degrees of freedom possessing
dramatically different properties and energy scales.
Here, we demonstrate nanoscale resonators with high f · Q product in SCD. To drive
the resonators we use dielectrophoretic actuation,7 which allows us to realize nanoelectrome-
chanical systems (NEMS) at a frequency range of 1-50 MHz with flexural mechanical modes.
Dielectrophoresis has been used in the past to achieve mechanical resonance tuning,8 co-
herent control of classical mechanical resonators,9 cavity electromechanics,10 and nonlinear
mechanics.11 In our approach, on-chip metal electrodes are fabricated on either side of SCD
nanobeam cantilevers (Fig. 1(a)) and doubly clamped nanobeams (Fig. 1(b)). Fringing
electromagnetic fields of an RF drive the diamond devices (Fig. 1(c)), with optimal actua-
tion occurring when the RF frequency is resonant with the mechanical mode. Our numerical
modeling indicates that it is crucial that the vertical distance between the metal electrodes
and diamond nanobeam is small in order to achieve efficient actuation (Fig. 1(d)).
Other actuation schemes for nanomechanical resonators have been demonstrated pre-
viously, including electrostatic and piezo-electric actuation approaches.12 These, however,
require deposition of a conductive thin film or electronic doping on the moving part of
nanomechanical structure, because undoped diamond is neither conductive nor piezoelec-
tric. These can reduce mechanical Q-factors13 and negatively impact spin and optical degrees
of freedom of color centers embedded inside diamond. The latter are known to be sensitive
2
1 µm 1 µm 
Au electrode Au electrode 
(c) 
(b) (a) 
(d) 
[V]
x [nm]
y [nm]
FIG. 1. SEM images of (a) 4 µm long cantilever and (b) 7 µm doubly clamped beam. (c) Finite
element method (FEM) simulations are used to calculate the force applied to suspended nanobeams
with a given geometry and electrostatic environment. The color map indicates potential with
respect to the right-hand Au electrode and the streamlines show the corresponding electric field.
(d) Vertical force per unit length applied to such beams in the case of 20V of DC voltage is plotted
as a function of beam width and distance above the electrode. Separation between electrodes is
the sum of beam width and 50 nm margin on either side. Beam height is the distance between top
surface of the beam and the electrode center in vertical axis.
to the fabrication imperfections and surface terminations.14 Forces resulting from gradient
electromagnetic fields, on the other hand, do not require any modifications to the diamond
mechanical resonator. Therefore, the dielectrophoresis scheme does not add additional me-
chanical loss channels. One caveat is that careful design of device geometry is required for
the dielectrophoretic actuation, because its force at a given voltage is much weaker than
other methods.
The fabrication scheme for realizing diamond NEMS is shown in Fig. 2(a). Diamond
nanocantilevers and doubly clamped nanobeams are first fabricated using our recently de-
veloped angled-etching technique, described in detail elsewhere.15 Briefly, angled-etching
employs anisotropic oxygen plasma etching at an oblique angle to the substrate surface,
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FIG. 2. (a) Schematic illustration of angled-etching nanofabrication approach used in this work:(i)
Electron beam lithography mask is deposited, (ii) top-down reactive ion etching of diamond is
performed, followed by the (iii) angled-etching step and (iv) mask removal. (v) New electron beam
resist is spin coated, and (vi) electron beam lithography followed by (vii) metal evaporation and
(viii) lift-off are used to define electrodes. (b) High magnification SEM image of 4 µm cantilever
shows that good alignment can be achieved. (c) SEM image of device array sharing electrodes.
yielding suspended triangular cross-section nanobeams directly from single-crystal bulk dia-
mond substrates. To ensure efficient actuation by dielectrophoresis, the diamond nanobeam
width and distance between the substrate and the bottom apex of the triangular nanobeam
cross-section must be carefully chosen (Fig. 1(c) and (d)). Once free-standing diamond
nanobeams are fabricated, metal electrodes are patterned on the diamond substrate via
lift-off process. First, the diamond substrate is spin coated with a polymethylmethacrylate-
copolymer (MMA/PMMA) bilayer resist, where the MMA copolymer thickness is chosen to
be slightly thicker than the distance between the nanobeam top surface and the substrate.
After resist coating, exposure and alignment are done with electron beam lithography. After
developing the resist, an adhesion layer of 50 nm titanium and a 200 nm thick gold layer
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are evaporated on the surface by electron beam evaporation. Lift-off in Remover PG com-
pletes electrode patterning. Fig. 2(b) is a top-down SEM image of a diamond nanobeam
cantilever with gold electrodes fabricated on either side. We observe very good alignment
of the electrodes to the diamond nanobeam, with alignment errors on the order of tens of
nanometers. In fact, the slight misalignment enables the actuation of diamond nanobeam
in-plane motion.8 Fig. 2(c) shows an array of fabricated diamond doubly clamped nanobeam
mechanical resonators that share driving electrodes. This configuration allows us to charac-
terize in parallel a large number of resonators having slightly different geometry and hence
different mechanical resonance frequencies.16 Our diamond nanomechanical resonators had a
width range between 200 nm and 300 nm and lengths between 1 µm and 20 µm, correspond-
ing to fundamental flexural resonance frequencies ranging from a few MHz to hundreds of
MHz. We note that due to the nature of our angled-etching fabrication technique, the width
and thickness of the nanobeam triangular cross-section are correlated.17
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FIG. 3. (a) Optical characterization setup. Fundamental out-of-plane resonant response of devices
shown in Fig. 1(a) and (b) are given in (b) and (c), respectively. Lorentzian frequency responses
are shown at low driving power, and both beams start to enter nonlinear regime at higher driving
power.
All experiments were performed at room temperature, with our wire bonded diamond sub-
strate in a vacuum chamber, held at a pressure below 10−4 Torr. Fig. 3(a) shows a schematic
of the optical interferometry characterization setup12 used to read out the nanomechanical
motion.18 Sending RF signals for actuation and read-out at corresponding frequencies was
done in a transmission measurement with a Vector Network Analyzer (VNA). The VNA
was replaced with a real-time spectrum analyzer for those measurements (e.g. measuring
thermal fluctuation of the nanobeam) which did not involve actuation, and the parametric
5
actuation measurement that we discuss later. A bias-tee was also included to combine a DC
bias with the RF drive signal to ensure proper actuation, as the dielectrophoresis actuation
force is proportional to the square of applied voltage, F ∝ (VDC + VRF cosωt)2.7
For the most of fabricated diamond nanobeams, both the fundamental out-of-plane me-
chanical flexural modes were characterized. Resonant responses of the fundamental out-
of-plane motion of devices shown in Fig. 1(a) and (b) are plotted in Fig. 3(b) and (c),
respectively. Curves are the raw data, with both figures showing the expected resonant
responses at low driving power as well as nonlinear response at higher driving power. 10V
of DC voltage was applied for the both measurements. The resonance frequency of out-
of-plane mode that we could measure on 4 µm long cantilever was ∼18.3 MHz with the
mechanical quality factor of 4.4× 104. In the case of 7 µm long doubly clamped nanobeam,
measured resonant frequency was ∼22.7 MHz with the mechanical quality factor of 2.0×103.
For both devices, root mean square (RMS) amplitude of motion was thermomechanically
calibrated by measuring thermal fluctuations.19 To do so, the value of effective mass is es-
timated from nanobeam’s geometry and analytic theory presented elsewhere.19 The width
and length of nanobeams are measured via SEM, and the thickness is estimated from the
ratio of out-of-plane and in-plane resonance frequencies of the cantilever.17
Highest resonant frequency measured with driven motions is as large as ∼50 MHz, al-
though its thermal fluctuation was not detectable. To the best of our knowledge, this is the
highest actuation frequency of flexural mechanical vibration achieved by dielectrophoretic
actuation to date. Unfortunately, in our current experiments, we were not able to measure
devices with resonances >50 MHz, due to the limited sensitivity of our measurements (∼ 0.5
pm/
√
Hz). In our current characterization setup, the noise floor of our detection was affected
by three different instruments: shot noise from laser source, dark current and thermal noise
from the photodetector and thermal noise from the receiver. Depending on the settings of
instruments, any of these three could be the limiting factor for the detection noise floor.20
In many MEMS / NEMS applications, a high f · Q product is the key figure of merit.
For example, in the case of mass sensing based on mechanical resonator, sensitivity scales
with the square of its frequency and the quality factor determines the minimum detectable
frequency shift.21 State-of-the-art flexural NEMS device can reach f · Q product of 6.8×1012
Hz.22 In our devices, the maximum f · Q product that we measured was 8.1 × 1011 Hz in
the case of a 260 nm wide and 4 um long diamond nanobeam cantilever (Fig. 3(b)).
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For applications in quantum information science, coupling of NV center with mechanical
resonator has been studied recently with various platforms.5,6,23,24 Assuming our device in
Fig 3(b) is used for such experiment, we estimate the relevant physical quantities below.
When RF power of −10 dBm is applied on its resonance, assuming that NV is implanted
near the clamp at 10 nm depth, applied strain at the site of it is estimated to be 7.4× 10−5
from FEM modeling. Estimated strain is large enough to induce significant coupling of NV
ground-state spin with mechanical vibrations. For example, if z-axis of NV is perpendicular
to the length direction of the cantilever, estimated strain corresponds to the coupling of 1.6
MHz.23
(b)(a)
FIG. 4. (a) Tuning of mechanical resonance of doubly clamped beam using DC bias. With applying
±9V, frequency tuning range that can be achieved is approximately 260 linewidths. (b) Typical
tongue shape of parametric instability was observed.
In addition to basic actuation capability, the dielectrophoretic actuation scheme can be
used to tune the mechanical resonance frequency.7 This is because the actuation force has
dependence on the displacement of the diamond nanobeam. Since the force has quadratic
dependence on applied voltage, the amount of shift in the resonance frequency has quadratic
dependence as well. Fig. 4 (a) shows power spectral density (PSD) of the thermal fluctu-
ations of a doubly clamped nanobeam (250 nm wide, 100 nm thick, 19 µm long), as the
applied DC bias was changed from −9 V to +9 V. Bright spots observed in each data column
correspond to the resonance frequencies. The solid black line is a quadratic fit for applied
DC bias and shows an excellent match with the data. In the given range of applied DC bias,
the mechanical resonance could be tuned over roughly 260 full widths at half maxima of the
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resonance peak. We observed a blue shift of the diamond nanobeam resonance when DC
voltage is applied which differs from observed red shift in the similar work.7 Upon further in-
spection, it was observed that our nanobeams are buckled down due to considerable amount
of residual compressive stress (due to the diamond growth process).25 See supplemental ma-
terial at [URL will be inserted by AIP] for the SEM image of buckled doubly clamped beam
used in the measurement. Therefore, the central part of nanobeams are positioned quite
close to the top surface of the electrodes than design value, in which case the blue shift in
resonance is expected.8
Since the resonance frequency is easily parametrically tuned much more than a linewidth,
parametric excitation is also expected. When the spring constant of nanobeam is a function
of the displacement, its motion can be modeled by Mathieu’s equation as shown below:
[
d2
dt2
+
Ω0
Q
d
dt
+ Ω20 (1 + α− 2Γ sin 2Ω0t)
]
x(t) = 0 (1)
where x(t), Ω0, Q, F (t) and m are the beam displacement, the mechanical resonance fre-
quency, mechanical Q-factor, external driving force and effective mass of the resonator,
respectively. α is the detuning from parametric excitation and Γ is proportional to the
parametric excitation amplitude. The criteria for the onset of parametric instability is
Ω0/Q = Γ.
26 Mathieu’s equation can be analytically solved and the solution predicts its sta-
bility on a phase plane, axes of which are detuning and driving amplitude. Here, we show an
“instability tongue”27 when a doubly clamped diamond nanobeam is parametrically excited.
In Fig. 4(b) the measured instability tongue is shown when the nanobeam (250 nm wide,
100 nm thick, 16 µm long) was excited around twice its natural frequency of ∼8.36 MHz,
with 10 V of DC voltage applied together. In this experiment, excitation was applied by
an RF signal generator and the response was measured with spectrum analyzer, with the
amplitude of the driven motion thermomechanically calibrated.19 Parametric excitation is
particularly interesting for NEMS devices since it can circumvent electric cross talk, which
can be detrimental for nanoscale systems,28 and can be used to realize a NEMS oscillator29
and mechanical memory element.26
In summary, we have realized a resonant actuator based on dielectrophoresis for SCD
nanomechanical resonators. Actuation of both cantilever and doubly clamped diamond
nanobeams was achieved for both the fundamental out-of-plane vibrations. Our driving
frequency range spanned from a few MHz to nearly 50 MHz, though higher frequency actu-
8
ation is expected to be measured by a displacement read-out scheme with better sensitivity.
Additional functionalities of the system are frequency tuning with DC bias and parametric
excitation. The SCD actuation scheme we developed here is expected to be an excellent
platform for coupling NV energy levels to mechanical degree of freedom. Additionally, con-
trol over diamond nanobeam mechanical motion by dielectrophoresis forces may be applied
in the resonance tuning and modulation of recently demonstrated diamond optical cavities,
in a manner similar to what has previously been demonstrated with silicon nanophotonic
devices.30–32
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